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Breakthrough curves of CO; adsorption at 130, 165 and 185C

using LIAIO, NWs extrudates

0.8

0.6

0.4

0.2-

0O 5 10 15 20 25 30 35 40 45
Time (mins)

Figure 3



U.S. Patent Apr. 19, 2022 Sheet 4 of 8 US 11,305,229 B1

CO2 ads-desorption cycies, using Li-Al NWs (1.25mm extrudales), adsorption at 185C, desorption at 620C,

; T -G 15t adsorplion | :_-*-0,014
| ; ~fi= 2nd adsorption |
i ~@~- 3rd adsorption | I 0.012
| | -4~ 1st desorption || VY'e
| f ~¥- 2nd desorption | ®,
<& | | —df~ 3rd desorption | Q
_ _ i paon | »
0.8 I e i al O 1 0 2 B
) f ‘ 4 g
3 O
Q2 f i - s
+ ; { ~.008 A
&3 . parn
{6~ { - o
O . - 3
& ¥ . o
N - -' -0.006 3
S04 l &
oV4 : _ =
: : e
l - 0.004€
4.5 " Y ' i
& } & PN
i 4 - ‘ :
'; 1 [ i 1 l T D
100 150 200
Time {(min)
14343 *m_‘_* *************************************************************************************************************************************************************** ¢ &
Ry ke S 0537
8. K SN IR R
G4 S B S ARBE Hrvnie

''''''

Wt Flow 8 @

T Ui 'f'{::w;lﬂara{{gﬁ {“'(:"5 WGy VA RS TG, Ly

Figure 5



US 11,305,229 B1

Before Plasma
- After Plasma

Sheet 5 of 8

Apr. 19, 2022

U.S. Patent

80

70
Before Plasma

- After Plasma

60

T My By g W A ..._ll_.__n_-i

ty A3 1]
..........

(a)

50
2 Theta

i AW W PR AT LR ALTEITETTE g o o e L m, - My

Ak B o S )

40

W T e, My S 2, Ny R i i
i R a3 DT 2 dek TR arLrS s

SN W e b gl - R W T W, W e -l dieierellly

. I ) a e
.,.Ei..-...m._J.l lﬂmlrﬂn I ] ..—‘1.

L — it mm e . . W el Nptw RS W N, TR I

30

B T

20

(n"e) hu_mcmu:_ (n"e) Ajisudjuj

2 Theta

(b)

Figure 6



U.S. Patent Apr. 19, 2022 Sheet 6 of 8 US 11,305,229 B1

Refare Plasma
o« wim = After Plasma

-II‘ l‘q ]
_ .-}-_.-T-.-.E._:,. "
. .

: "::x:;f:f:&';:”i:-;-.-;v:' M ., .- ot -F L ‘~.'~I§: 3%'_' , __ .
208 208 210 2.2 214 216 1.8 2.0

2 Theta

(c)

:. Before Plasma
At - wim o Bfer Plasma

......

- -
L B B

£ Thein
(d)
Figure 6 (con’t)



U.S. Patent Apr. 19, 2022 Sheet 7 of 8 US 11,305,229 B1

ist Adsorplion

(1.8

8.8

g €O, uptake
0.4 -4 22 mins
= 30% of
4 totat uptake Total €0, uplake
Q.2 capacity of LLAID,
NWs=0.75%g/g
{3 i W W i 5 _
O 20 30 8 B3 300 320
Time {mins}
(a)

18t Degorption

16

1.4 p
: ﬂ&s Temp: o

3.2 -

156»2%€ o

=

il
']
'

Pes Temp: Les Temp:
30-60C 60-150C
0.6 |
e
0.4 4

Li;A10, NWs at 40-2000 with
DBD: 50% of total L0, uptake

L
H
\

Accumulated 002 desorbed amount {g)
-
{2

0 10 s 30 80
Time {mins}

(b)
Figure 7



U.S. Patent Apr. 19, 2022 Sheet 8 of 8 US 11,305,229 B1

£nd Adsorplion

D8 ~
0.&
3
3
38 ~— L8, uplake
iry 34 mins
= 40% of

np - totaiuptake Total €O, uptake capacity

i gy
g H
L R R R T T P e L L P P P P P L PP

! -
0 10 20 0 443 50
Time {mins}
(c)
2rud Desorplion
'2 .
=
g
308 Des Temp:
% 150-200C
5 0.8 es Temp: .
& - 60-150C ¥
& 4 Des Temp! ':
O 4
= 430-80C |
;% Total €O, desorbed from
2 0. LA, NWs at 40-200C
& oy with DBD; 50% of total
= S e COZ uptake
G il 2 w _ - _ _
& 5 10 15 20 25

Time {mins}

(d)
Figure 7 {con’t)



US 11,305,229 Bl

1

CO2 SORBENT MATERIALS FOR
ADVANCED CARBON CAPTURE
TECHNOLOGIES AND DIELECTRIC
BARRIER DISCHARGE (DBD) PLASMA
BASED PROCLESSES

CROSS-REFERENCE TO PRIOR
APPLICATIONS

The present application claims priority to U.S. 62/956,720
filed 3 Jan. 2020, which 1s incorporated herein by reference
in 1ts entirety.

FIELD OF THE INVENTION

The mvention relates to a process comprising dielectric
barrier discharge for carbon dioxide sorption and desorption
at low temperatures and to a composition for use in the
process.

BACKGROUND OF THE INVENTION

The concentration of carbon dioxide (CO,) 1n the Earth’s
atmosphere has increased significantly during the past 250
years from about 280 ppm to over 405 ppm. CO, emissions
are considered to be a major contributing factor to the
green-house effect and global warming. To counteract global
warming, many government agencies around the world are
establishing CO, emission limits, with the primary focus
being on stationary sectors —the source of about 40% of
anthropogenic CO., emissions.

A number of “clean power” technologies, such as nuclear,
wind or solar power, are being deployed and further devel-
oped. Even with these alternative energy sources, the near-
term demand for energy 1s expected to result 1n increased use
of carbon-based fuels, including coal, o1l and natural gas. As
tar out as 2050, carbon-based fuels are expected to provide
up to 50% of the world’s power sector demand. But to meet
the government regulations 1t 1s necessary to find a means to
decarbonmize the carbon-based fuels currently 1n use and to
reduce the power sector’s emissions ol CO,. This would be
most cost efficient if there was a way to retrofit current
production equipment.

In view of the above, 1t would be beneficial to have a
means to apply post-combustion capture solutions that can
be retrofitted to existing plants as well as applied to newly
built projects. It would further be beneficial to have a means
tor CO, capture for low-medium temperature applications
from post-combustion coal-fired power plants, industrial
boiler exhausts, natural gas combustion exhausts, high tem-
perature applications with tlue gas capture in cement plants,
low temperature application 1n direct CO,, capture from atr,
among other applications.

SUMMARY OF TH

L1

PRESENT INVENTION

The present development 1s a method for removing CO,
from a flue gas stream wherein the method comprises using
a metal aluminate nanowire absorbent, wherein the metal 1s
selected from lithium, calctum, sodium, potassium and a
combination thereof, for the adsorption of CO,, from the flue
gas stream, and wherein the metal aluminate nanowire 1s
regenerated by venting the flue gas stream from the column
and then subjecting the CO, saturated adsorbent to a dielec-
tric barrier discharge plasma or to a microwave plasma or to
a radio frequency (RF) plasma while ensuring that the
external temperature does not exceed 300° C.
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2

The metal aluminate nanowire absorbent 1s an ultra-high
capacity carbon dioxide (CO,) sorbent material. Specifi-
cally, the carbon dioxide sorbent material comprises metal
aluminate nanowires, wherein the metal 1s selected from the
group consisting of lithtum, calcium, sodium, potassium or
a combination thereol. These nanowire systems are effective
for carbon dioxide adsorption at relatively low temperatures,
even 1n the presence of water or steam. The compositions of
the present invention also demonstrate low temperature
desorption and demonstrate a reversible phase change, for
example from a lithium carbonate/alumina core shell to
lithium aluminate nanowires, when CO, 1s released using a
dielectric barrier discharge process. The present develop-
ment further includes a process for mtensiiying adsorption
and desorption processes using the solid adsorbents of the
present 1nvention.

DESCRIPTION OF THE FIGURES

FIG. 1 15 a set of SEM 1mages showing alumina nanow-
ires synthesized according to the present invention (a) at
room temperature and (b) at 900° C.;

FIG. 2 15 a set of 1mages wherein (a) 1s an SEM 1mage of
lithium aluminate nanowires synthesized according to the
present invention, (b) 1s a corresponding XRD pattern for the
lithium aluminate nanowires shown in (a), wherein the
peaks corresponding to LiAlO, (p-L1AlO,) (PDF 00-033-
0'785) are marked with * and peaks corresponding to L1A1O,
(v-L1AlO,) (PDF 00-031-0026) are marked with €, (¢) 1s an
SEM 1mage of calcium aluminate nanowires synthesized
according to the present mvention, and (d) 1s an SEM 1mage
of sodium aluminate nanowires synthesized according to the
present invention;

FIG. 3 1s a graph showing the amount of CO,, adsorption
as CO, passes through a column packed with lithium alu-
minate nanowire extrudates heated to 130° C., 165° C. or
185° C.;

FIG. 4 1s a graph showing three continuous cycles of CO,
adsorption-desorption using the present method and L1A1O,
NWs plus a small amount of Li.AlO, NWs 1 1.25 mm
extrudates form, and wherein the adsorption conditions are
CO, mlet concentration 1s 15% with a CO, flow rate of 12
ml/min and air+water vapor flow rate at 66 ml/min, packed-
bed temperature 1s 163° C., RH=80% measured at room
temperature, and the desorption conditions are dry air flow
rate of 50 ml/min, packed-bed temperature 1s 620° C.;

FIG. 5 1s a graph showing the TGA-DSC analysis of a
CO, saturated adsorbent using a L1,CO; sample, wherein the

carrier gas 1s mitrogen and a water atmosphere at a rate of
100 ml/min;

FIG. 6 1s a set of XRD graphs of a carbonated L1,COj,
sample and the same sample regenerated after plasma expo-
sure treatment, wherein (a) 1s the full XRD graph, (b) 1s a
magnified section of (a) showing the area between about 45
deg and 70 deg, (¢) 1s a magnified section of (a) showing the
area between about 20.6 deg and 22.0 deg, and (d) 1s a
magnified section of (a) showing the area between about
21.5 deg and 24.0 deg; and,

FIG. 7 a set of graphs showing two continuous cycles of
CO, adsorption-desorption using the present method in a
DBD plasma process wherein (a) shows the first adsorption
stage, (b) shows the first desorption stage, (¢) shows the
second adsorption stage, and (d) shows the second desorp-
tion stage.

DETAILED DESCRIPTION OF THE PRESENT
DEVELOPMENT

The present development 1s a composition for a carbon
dioxide (CO,) sorbent material, a method of making the CO,
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sorbent material, and a method of using the CO, sorbent
material. The CO, sorbent material of the present invention
comprises lithium aluminate nanowires, calcium aluminate
nanowires, sodium aluminate nanowires, potassium alumi-
nate nanowires, or a combination thereof, which may be
referred to herein interchangeably as “CO, sorbent material”™
or “sorbent material” or “metal aluminate nanowires”. The
CO, sorbent material of the present invention demonstrates
ultra-high CO, capacities and regenerability. As used herein,
the term “‘ultra-high” means a minimum CO, capacity of
about 0.25 g/g. The sorbent material of the present invention
has an average CO, capacity of about 0.3 g/g with a
maximum CO, capacity of about 0.75 g/g. The sorbent
material of the present mnvention 1s particularly effective for
use with CO, containing gas streams, such as those found in
post-combustion stationary processes.

The CO, sorbent material can be produced as either
nanowire powders or extrudate forms. As 1s known 1n the art,
nanowire powders can be further shaped into the extrudate
forms, although other means for preparing extrudates may
be used. Alternatively, the CO, sorbent material can also be
used as a coating on a high surface area inert substrate. To
prepare the CO, sorbent material, alumina nanowires are

mitially prepared and then used for the preparation of the
lithium aluminate nanowires, the calcium aluminate nanow-
ires, the sodium aluminate nanowires, the potassium alumi-
nate nanowires, or combinations thereof.

Porous alumina nanowires can be prepared at ambient
room temperature or at a high reaction temperature. As used
herein, “ambient room temperature™ 1s defined as about 0°
C. to about 75° C., but 1s more preferably 1n the range of
about 15° C. to about 50° C.; “high reaction temperature” 1s
defined as between 750° C. and 1100° C., and more pret-
erably between 900° C. and 1000° C. The ambient room
temperature synthesis tends to produce short alumina
nanowires whereas the high temperature synthesis tends to
produce long alumina nanowires. Either the short alumina
nanowires or the long alumina nanowires may be used for
preparation of the sorbent material of the present invention.

Example 1—Ambient Temp Alumina Nanowire Synthe-
s1s: The ambient room temperature synthesis 1s conducted
by adding high purity aluminum powder or aluminum foil to
a 0.5 molar KOH solution and mixing for 3-4 hours at room
temperature to produce potassium aluminate nanowires,
which can be converted to alumina nanowires or aluminum
oxide nanowires via methods that are known in the art. The
resulting alumina nanowires are short nanowires, as shown
in FIG. 1(a).

Example 2—High Temp Alumina Nanowire Synthesis:
The high temperature synthesis 1s conducted by reacting
K,CO; powder with high purity aluminum powder or alu-
minum foil at temperature of about 900° C. to produce
potassium aluminate nanowires, which can be converted to
alumina nanowires via methods that are known 1n the art.
The resulting alumina nanowires are long and uniform
nanowires, as shown 1 FIG. 1(d).

The porous alumina nanowires are then converted to the
sorbent metal aluminate nanowires using a solvo-solid state
thermal oxidation method, which 1s known 1n the art. The
metal aluminate nanowires, as summarized 1n Table 1, are
prepared by combining hydrated metal hydroxide with the
porous alumina nanowires and water to form a paste, and
then the paste 1s coated uniformly onto a quartz slide and
subjected to thermal oxidation at about 700° C. for about 3
hours, and then the furnace 1s allowed to cool to room
temperature.
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TABLE 1

Hydrated Metal Nanowires
Sorbent Material Hydroxide Used Produced FIG.
lithium aluminate hydrated lithium long and uniform 2(a)
NanowIres hydroxide
calcium aluminate hydrated calcium long and uniform 2(c)
NanowIires hydroxide
sodium aluminate hydrated sodium long and uniform 2(d)
Nanowires hydroxide
potassium aluminate n/a
NanowIres

FIG. 2(b) shows the corresponding XRD pattern of the

lithium aluminate nanowires, wherein the peaks correspond-
ing to L1AlO, (B-L1AlO,) (PDF 00-033-0785) are marked

with * and peaks corresponding to L1AlO, (v-L1AlO,) (PDF
00-031-0026) are marked with ¢.

The metal aluminate nanowires are eflective as a carbon
dioxide sorbent material, particularly at relatively low tem-
peratures and even 1n the presence of water or steam. The
metal aluminate nanowires also demonstrate relatively low
temperature desorption to regenerate the metal aluminate
nanowires. As used herein, the term “relatively low tem-
perature” with respect to adsorption or desorption means a
reaction temperature below about 300° C., and more pret-
crably below about 225° C., and most preferably below
about 200° C. As used herein, the term “moderate tempera-

ture” with respect to adsorption or desorption means a
reaction temperature between about 200° C. and 730° C.

Without being bound by theory and without intending to
limit the claims 1 any way, it 1s believed that the CO,
sorbent materials demonstrate a reversible phase change,
from a metal carbonate/alumina core shell to metal alumi-
nate nanowires, when CO, 1s released using a dielectric
barrier discharge process or by exposure to a microwave
plasma or by exposure to a radio frequency (RF) plasma.

The CO, adsorbent material 1s intended to be used 1n a
system designed to decarbonize carbon-based fuels, such as
a packed bed system. The CO, sorbent material 1s heated to
a predetermined temperature using either internal means or
external means. For example, internal heating means include
use of a dielectric barner discharge plasma or a microwave
plasma or a radio frequency (RF) plasma and external means
include steam heating, heating elements, heat jacket, heat
blanket, a furnace or a combination thereof.

For the purposes of better demonstrating the invention
and not to be otherwise limiting, 1n one embodiment the CO,
sorbent materials are packed 1n a column, preferably a glass
column, having a thermocouple or electrode running longi-
tudinally through the column along a central axis and
through the adsorbent bed, and having the adsorbent bed
surrounded by a steam heated jacket or Proportional-Inte-
gral-Derivative (PID) controlled furnace. The design 1is
intended to maintain a uniform temperature throughout the
bed. Carbon dioxide gas combined with other typical gas
components are mixed to simulate a flue gas feed stream
with the resulting stream comprising 14-20% CO,, 7-10%
H,O vapor, 14-16% O,, and balanced with 50-60% N, gas.
The gas mixture passes through the sorbent-packed fixed-
bed column while maintaining the bed temperature at a
predetermined temperature. For laboratory-scale reactions,
the packed bed contained from about 3 grams to about 10
grams ol CO, sorbent material. As 1s known in the art, the
carbon dioxide loading in the bed can be determined by a
dynamic mass balance, which requires numerical integration
of the breakthrough curve data from an adsorption break-
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through run. The total or stoichiometric capacity of the
column for CO, 1s calculated by the total CO, uptake
divided by the amount of the CO, sorbent maternials 1n the

column. When the bed temperature 1s maintained at a
temperature about 600° C. with a GHSV of about 950/hr, the

total CO, capacity 1s about 0.09 g/g. However, the CO,
sorbent materials of the present invention, and particularly
the lithium aluminate (L1AlO, and [.1,Al0,) nanowires, are
capable of capturing CO, at temperatures in the range of 90°
C. to about 190° C. When the CO, capture temperature range
1s from about 130° C. to about 185° C., the L1AlO, NWs

demonstrated CO, capacity up to about 0.28 g/g absorption,
with a theoretical maximum capacity of 0.33 g/g. FIG. 3 1s
a typical adsorption breakthrough curve of CO, adsorption
using lithtum aluminate nanowires. The x-axis 1s the time of

operation, and the y-axis 1s the outlet CO, concentration
divided by the inlet CO.,.

The CO, sorbent material has also been found to be
regenerable, that 1s, the adsorbed CO, can be desorbed from
the sorbent material. Desorption may be accomplished at
moderate temperatures or at relatively low temperatures.
Moderate temperature desorption can be achieved by expos-
ing the CO, saturated adsorbent to a dry air carrier gas
stream while raising the reactor temperature to at least about
320° C. and continuing to raise the temperature to at least
about 620° C. Alternatively, successiul CO, desorption can
be achieved by exposing the CO, saturated adsorbent to a
dielectric barrier discharge plasma, or to a microwave
plasma for about 30 seconds with humid air as carrier gas,
or by using radio frequency (RF) plasma exposure for 3
minutes, while ensuring that the external temperature does
not exceed 200° C.

Example 3—Thermal Desorption and Sorbent Regenera-
tion: Lithium aluminate nanowires, L1AlO, NWs plus a
small amount of L1, AIO,NWs 1n 1.25 mm extrudates form,

were packed 1n a glass column 1n a PID controlled furnace.
A tlue gas feed stream comprising 14-20% CO,, 7-10% H,O

vapor, 14-16% O,, and balanced with 50-60% N, gas 1n the
presence ol water vapor, was passed through the sorbent
material at a CO,, inlet concentration of 15% with a CO, flow
rate of 12 ml/min and air+water vapor tlow rate at 66
ml/min, packed-bed temperature 1s 165° C., RH=80% mea-
sured at room temperature. The flue gas stream was discon-
tinued, and the reactor temperature was raised using dry air
as carrier gas with a dry air flow rate of 50 ml/min. The
reactor temperature was raised to 620° C. and held for about
20 minutes. The. The dry air flow was then discontinued, the
reactor temperature was reduced to about 165° C. and the
flue gas feed stream was again introduced. This adsorption/
desorption cycling was continued for three cycles. As shown
in FI1G. 4, all three desorption processes were completed 1n
less than 20 minutes and the CO, sorbent material was
successiully regenerated.

However, similar to the high temperature CO,, desorption
using conventional CO, adsorbents, a capacity loss was
observed after the first adsorption-desorption cycle. The
solid state alloying between LiOH and Al,O; was not
tavorable at the temperature of 320° C., and this process was

not complete 1n the short period of time. As shown in FIG.
5, TGA-DSC analysis also confirmed the major CO,, des-

orption occurred at 620° C.-720° C. The TGA-DSC analysis
of the CO, saturated adsorbent was run using a [L1,CO,
sample, nitrogen as the carrier gas and a water atmosphere
at a rate ol 100 ml/min. In the presence of water vapor, the
maximum CO, desorption occurred at 727° C. Interestingly,
the heat tflow during desorption was measured at 4.8 kJ/mol,
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which was relatively low for chemisorption. The low acti-
vation energy 1s even more attractive to the plasma-based
reactions.

Example 4—Low Temperature Desorption and Sorbent
Regeneration: Lithium aluminate nanowires, L1,CO; NWs
in 1.25 mm extrudate form, were packed 1n a glass column
in a PID controlled furnace. A flue gas feed stream com-
prising 14-20% CO,, 7-10% H,O vapor, 14-16% O,, and
balanced with 50-60% N, gas 1n the presence of water vapor,
was passed through the sorbent material at a CO, inlet
concentration of 15% with a CO,, flow rate of 12 ml/min and
air+water vapor tlow rate at 66 ml/min, packed-bed tem-
perature 1s 165° C., RH=80% measured at room tempera-
ture. The flue gas stream was discontinued, and the CO,
saturated adsorbent was exposed to a microwave plasma for
about 30 seconds with humid air as the carrier gas, while
ensuring that the external temperature did not exceed 200°
C. As shown 1n FIG. 6, analysis by XRD of the as carbonated
L1,CO; sample and the regenerated sample after plasma
exposure treatment show that using the microwave plasma
method the lithtum carbonate peaks disappear (peaks at 21.1
deg, 47 deg, and 68 deg) and the lithium aluminate peaks
reappear (peaks at 21.8 deg and 22.2 deg), indicating that the
lithium aluminate nanowires adsorbed the CO, and then
could be regenerated by exposure to plasma.

Surprisingly, even at low temperatures, the plasma expo-
sure of CO, adsorbed nanowires resulted mm CO, release
followed by regeneration of original sorbent nanowires,
L1A10O,. This process seems to happen preferentially in the
presence of water vapor compared to the gas phase without
the presence of water vapor. It 1s anticipated that the plasma
discharges can be initiated by a variety of means known 1n
the art, including but not limited to plasma using DC, low
frequency AC, radio frequency, microwave.

Without being bound by theory, 1t i1s believed that the
plasma provides positively and negatively charged particles
and neutral radicals, and quickly applies the energy to heat
up the solid particle surface. The surface heating rate is as
high as 3200° C./min from the recombination of radicals and
ions. Compared to the traditional external heating rate at 10°
C.-50° C./min using heating elements, electron heating 1n
low temperature plasma 1s much more eflicient. Therefore,
the hypothesis behind plasma assisted regeneration 1s that
when the L1,CO; 1s exposed to plasma under humid condi-
tions, the hydrogen atoms from the water vapor immediately
reacts with the Li1,CO; to form L1,0O and LiOH species.
Simultaneously, plasma oxidation reaction occurs, the L1iOH
and Al,O, forms a molten LiAlO phase, and then the
radicals and 10ns produced in the plasma flame play a key
role 1n the fast nucleation and growth kinetics of Li1AlQO,
NWs.

The CO, sorbent material of the present invention can
also be used 1 a system that uses a dielectric barrier
discharge plasma or “DBD plasma™. This allows the adsorp-
tion and desorption to occur at temperatures below about
300° C. and even as low as ambient room temperature.
Adsorption can occur with or without heating the CO,
sorbent material. Desorption can occur with or without
heating the CO, sorbent material. In a preferred embodi-
ment, the CO, sorbent material 1s heated to a predetermined
temperature between about 15° C. and 300° C. In a more
preferred embodiment, the CO, sorbent material 1s heated to
a predetermined temperature between about 40° C. and 200°
C. Use of DBD plasma at these temperatures allows for CO,
capture from air as well as heated gases. The DBD can also
be operated at relatively low frequencies, such as in the
range of from about 1 kHz to about 30 MHz, and preferably
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in the range of 30 kHz to about 3 MHz, and more preferably
in the range of about 30 kHz to about 300 kHz. In order to
keep the bed temperature below about 300° C., and more
preferably below about 225° C., and most preferably below
about 200° C., at all times, one option 1s to cycle between
adsorption and desorption at limited capacity. Alternatively,
the DBD can be run in an “interrupted” fashion wherein the
DBD i1s cycled between an on period where the DBD plasma
1s being generated and an off period where the DBD plasma
1s not being generated. The on and ofl periods do not need
to be the same lengths. In a preferred embodiment, the on
and off cycle periods are between about 0.1 minute to about
100 minutes in length. In a more preferred embodiment, the
on and ofl cycle periods are between about 0.1 minute to
about 20 minutes 1n length. In a most preferred embodiment,
the on cycle period 1s between about 0.1 minute to about 5
minutes 1n length and the ofl cycle period 1s between about
0.1 minute to about 20 minutes 1n length.

As 1s known in the art, in the DBD process a central
clectrode and a ground electrode are installed in a cell and
the adsorbent 1s packed in the electrode gap. The DBD
plasma discharge i1s generated using, for example, induc-
tively coupled plasmas, radio-frequency discharges, direct
current and low frequency AC fields. One or more packed
DBD cells can be combined in one packed-bed reactor. An
exemplary reactor might have three DBD cells, but the
number of cells can be up to several hundred. The system
can be arranged with a single packed bed, or two or more
packed beds operating simultancously or sequentially.

For demonstration purposes, a laboratory-scale unit was
designed using a cylindrical quartz glass chamber having an
outer diameter of about 1 inch and a horizontal length of
about 6 inches. A stainless-steel electrode having an outer
diameter of about 2 mm 1s placed 1n the quartz tube and used
as a high-voltage electrode. The outer part of the reactor 1s
covered with aluminum foi1l without a leaving any gaps to
create a low-voltage electrode. A thermal couple 1s attached
on the wall the packed bed reactor to measure the bulk
desorption temperature. Two terminal ends are connected to
the reactor to provide a gas inlet on one side and a gas outlet
on the opposing side. The reactor 1s connected to an external
circuit by two separate silicone hoses. In order to provide
clectrical 1solation, the reactor 1s suspended by a rubber-
coated clamp standing hanger system. For the laboratory-
scale reactions, the packed bed contaimned from about 35
grams to about 15 grams of CO, sorbent matenal.

Example 35—Adsorption and Desorption Using DBD
Plasma: The laboratory-scale system was used to demon-
strate CO, sorption and desorption at temperatures of less
than 200° C. Two cycles of adsorption and desorption were
run. Lithium aluminate nanowires, L1,CO; NWs 1n 1.25 mm
extrudate form, were packed in the DBD reactor. A simu-
lated flue gas feed stream comprising 14-20% CO,, 7-10%
H,O vapor, 14-16% O, and balanced with 50-60% N, gas
was passed through the sorbent material in the presence of
water vapor at a CO, 1nlet concentration of 17% with 2%
water vapor at a GHSV of about 2600/hr while maintaining
the packed-bed temperature at 20-40° C. As shown 1n FIG.
7(a), the total CO, capacity of fresh L1, AlO. NWs 1s about
0.75 g/g. The saturated adsorbent was then regenerated
using a dry air purging gas with a GHSV of 2600/hr and with
the DBD power turned on. As shown 1n FIG. 7(b), during the
desorption process the bulk temperature was slowly
increased from about 30° C. to about 200° C. The CO,
desorption began immediately when the bulk temperature
reached about 40° C., and desorption continued as the bulk
temperature continued to rise. The desorption process was
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interrupted at 200° C., by which point about 50% of
adsorbed CO, was desorbed from the packed-bed. The
adsorption-desorption cycle was repeated using the same
sorbent material and similar uptake and regeneration was
observed, as shown 1 FIGS. 7(c¢) and 7(d), respectively.
Additional multiple cycles experiments showed similar
trends.

The desorption process occurs at atmospheric pressure at
temperatures below about 200° C. 1n less than about 20
minutes. Not to be bound or otherwise limited by theory, 1t
1s believed that during the desorption process, by generating
a uniform DBD plasma 1n steam at atmospheric pressure, the
recombinative heating from radicals, for example,
H+H—H,, on surfaces, of the active sites can instantaneously
increase surface temperatures without heating up the entire
packed-bed. The overall energy for keeping the bed at the
required 150° C.-200° C. 1s provided from plasma energy
with proper msulation. This approach can be adopted into
any low temperature carbon capture from the post-combus-
tion flue gas and industrial boiler exhaust, chemical manu-
facturing, and CO, separation from mixed gas streams.
Alternatively, steam can be used as a purging gas instead of
the dry air gas. It 1s anticipated that steam will carry the
desorbed CO, 1n the gas phase out of the sorbent bed, then
the steam can be easily condensed and separated as a liquid
phase. The use of steam 1s expected to 1mprove process
teasibility and cost eflectiveness.

Although the present invention has been described at
bench-scale level and 1s anticipated for large commercial
operations, 1t 1s further anticipated that the adsorption-
desorption process can be performed at a mid-sized opera-
tion. For example, a min1 CO,, capture and purification plant
can be built using reactors having a diameter of from about
12 inches to about 24 inches and a length of about 48 inches,
such that the reactor has a capacity for about 5 L of CO,
sorbent material. Such reactors could operate using a power
supply of 3-5 kW. Because water vapor 1s used for both the
adsorption and desorption processes, a steam generator and
condenser unit could be included to accompany the reactors.
A two reactor system, including the steam generator-con-
denser unit and a power supply panel, could have overall
dimensions of about 48 1n1x40 1nx60 1n—or small enough to
fit on a standard pallet.

Although the present invention has been described using
metal aluminate nanowires, 1t 1s anticipated that the adsorp-
tion-desorption process can be performed using metal tung-
state nanowires or metal silicate nanowires or metal molyb-
date nanowires, wherein the metal 1s selected from lithium,
calcium, sodium, potassium and a combination thereof.

Overall, nanowire morphologies anticipated herein can
ofler high chemisorption capacities, superiast reaction kinet-
ics, wide range of operating temperatures making them
highly suitable for commercial scale implementation in CO,
capture applications. Further, because the use of nanowire
materials allow for fast adsorption kinetics, it 1s anticipated
that the CO, sorbent materials disclosed herein can be used
for fluudized bed configurations for sorption for processing
large volumes of flue gases or air. It 1s also anticipated that
the nanowires sorbent materials disclosed herein can be used
for direct air capture (DAC) of CO,. It 1s further anticipated
that 1t 1s possible to create plasma flames to excite gases to
provide temperature adjustments during adsorption and that
the desorption step can be accomplished using packed beds
and dielectric barrier discharges in a packed-bed reactor
setting.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
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understood by one of ordinary skill in the art to which the
presently disclosed subject matter pertains. Representative
methods, devices, and materials are described herein, but are
not intended to be limiting unless so noted.

The terms “a”, “an”, and “the” refer to “one or more”
when used 1n the subject specification, including the claims.
The term “ambient temperature™ as used herein refers to an
environmental temperature of from about 0° C. to about 75°
C., inclusive.

Unless otherwise indicated, all numbers expressing quan-
tities of components, conditions, and otherwise used 1n the
specification and claims are to be understood as being
modified 1n all instances by the term “about”. Accordingly,
unless indicated to the contrary, the numerical parameters set
forth in the instant specification and attached claims are
approximations that can vary depending upon the desired
properties sought to be obtained by the presently disclosed
subject matter.

As used herein, the term “about”, when referring to a
value or to an amount of mass, weight, time, volume,
concentration, or percentage can encompass variations of, 1in
some embodiments +20%, 1n some embodiments +10%, 1n
some embodiments +5%, 1n some embodiments +1%, 1n
some embodiments +0.5%, and in some embodiments to
+0.1%, from the specified amount, as such variations are
appropriate 1n the disclosed application.

All compositional percentages used herein are presented
on a “by weight” basis, unless designated otherwise.

It 1s understood that, 1 light of a reading of the foregoing,
description, those with ordinary skill in the art will be able
to make changes and modifications to the present invention
without departing from the spirit or scope of the invention,
as defined herein. For example, those skilled in the art may
substitute materials supplied by diflerent manufacturers than
specified herein without altering the scope of the present
invention.

What 1s claimed 1s:

1. A method for capturing and puritying CO, from a flue
gas stream wherein the method comprises:

a. providing a CO, sorbent material selected tfrom lithtum
aluminate nanowires, calcium aluminate nanowires,
sodium aluminate nanowires, potassium aluminate
nanowires or a combination thereof;

b. packing the CO, sorbent matenial 1n a column;

c. heating the CO, sorbent material to a predetermined
temperature;

d. allowing the flue gas stream to pass through the CO,
sorbent material 1n the column while maintaining the
sorbent material temperature at the predetermined tem-
perature;

¢. continuing the flue gas tlow through the CO, sorbent
material until the CO, sorbent material becomes a CO,
saturated adsorbent:

f. venting the flue gas stream from the column; and,
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g. regenerating the CO, sorbent material by causing the
CO,, saturated adsorbent to desorb.
2. The method of claim 1 wherein the predetermined
temperature 1s from about 15° C. to about 300° C.
3. The method of claim 2 wherein the predetermined
temperature 1s from about 40° C. to about 200° C.

4. The method of claim 1 wherein the heating of the CO,
sorbent material to a predetermined temperature 1s accom-
plished using internal means.

5. The method of claim 1 wherein the heating of the CO,
sorbent material to a predetermined temperature 1s accom-
plished using external means.

6. The method of claim 4 wherein the means for heating
the CO, sorbent material 1s selected from a dielectric barrier
discharge (DBD) plasma or a microwave plasma or a radio
frequency (RF) plasma.

7. The method of claim 5 wherein the means for heating
the CO, sorbent material 1s selected from steam heating,
heating elements, heat jacket, heat blanket, a furnace or a
combination thereof.

8. The method of claim 1 wherein regenerating the CO,
sorbent material comprises heating of the CO, saturated
adsorbent by exposing the CO, saturated adsorbent to a
dielectric barrier discharge plasma at frequencies ranging
from 1 kHz to about 30 MHz.

9. The method of claim 8 wherein the frequencies range
from 30 kHz to about 3 MHz.

10. The method of claim 8 wherein the frequencies range
from 30 kHz to about 300 kHz.

11. The method of claim 6 wherein desorption of the CO,
saturated adsorbent 1s achieved by exposing the CO, satu-
rated adsorbent to a dielectric barrier discharge plasma for
from 0.1 minute to 100 minutes.

12. The method of claim 6 wherein the exposure to the
DBD plasma alternates 1n on-ofl cycles with on periods of
0.1 minute to 100 minutes and ofl periods of 0.1 minute to
100 minutes.

13. The method of claim 12 wherein the exposure to the
DBD plasma alternates 1n on-ofl cycles with on periods of
0.1 minute to 20 minutes and ofl periods of 0.1 minute to 20
minutes.

14. The method of claim 13 wherein the on period 1s from
0.1 minute to 5 minutes and the off period 1s from 0.1 minute
to 20 minutes.

15. The method of claim 1 wherein desorption of the CO,
saturated adsorbent 1s achieved by exposing the CO, satu-
rated adsorbent to a microwave plasma for about 30 seconds
with humid air as carrier gas.

16. The method of claim 1 wherein desorption of the CO,,
saturated adsorbent 1s achieved by exposing the CO, satu-
rated adsorbent to a radio frequency (RF) plasma exposure
for 3 minutes.
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